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Abstract—Shell valve movements of fouling mussel, Mytilopsis leucophaeta, have been studied in the 
presence of chlorine, using a mussel monitor. Data showed increasing shell valve closure with increasing 
chlorine concentration. Shell opening rates of M . leucophaeta at control experiments (0 mg litre“ 1 residual 
chlorine) were about 10 times more than those at 1 mg litre" 1 residual chlorine. Continuous dosing of 
0.75 mg litre-1 residual chlorine is required before shell movements are critically affected. Since current 
environmental stipulations do not permit this, a level of 0 ,5  mg litre“ 1 has to be used continuously during 
settlement periods o f M , leucophaeta for their control. The results also indicate that M . leucophaeta is 
more tolerant to chlorine than other mussel species. ©  1997 Elsevier Science Ltd
«
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INTRODUCTION
Settlement and growth of fouling organisms in the 
cooling conduits of power stations is often a problem 
of considerable economic significance (Fischer et aL, 
1984). Of all the organisms that constitute fouling in 
cooling systems, mussels are known to cause the most 
serious problems (Rajagopal et aL, 1996). Earlier 
studies at various power stations indicated that 
marine mussel, Mytilus eclulis L., and fresh water 
mussel, Dreissena polymorpha (Pallas), were the most 
problematic mussel species affecting the normal 
operation of the power stations in The Netherlands 
(Jenner and Janssen-Mommen, 1993) and elsewhere 
(Jensen, 1982; Fischer et aL, 1984). The brackish 
water mussel, Mytilopsis leucophaeta (Conrad) (syn. 
Conger la cochleata Kickx in Nyst), is the dominant 
macrofouling species at the power stations operating 
in the Noordzeekanaal connecting Amsterdam 
harbours and the coast (Rajagopal et aL, 1994), 
Settlement densities as high as 6,5 million m~2 have 
been reported near power-station intakes (Rajagopal 
et aL, 1995). This species was reported to be 
originated from the Atlantic coast of the United 
States and the Gulf of Mexico (Marelli and Gray, 
1983).
*Author to whom all correspondence should be addressed. 
[Tel: +31 24 3653182, Fax: +31 24 3652134, E-mail: 
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Chlorination of cooling water, using chlorine gas 
or hypochlorite from electrolytic sources, has been 
reported to be one of the most effective methods of 
mussel control in industrial cooling systems (Lewis, 
1985; Rajagopal et aL, 1996). However, increasing 
environmental concern about the discharge of 
chlorinated water to the environment has resulted in 
effluent stipulations being made stricter and stricter 
(Jenner, 1985). A study on response of M. 
leucophaeta to chlorine has great importance for the 
selection and optimization of chlorine treatments in 
the cooling systems. Therefore, the present study was 
organized to find out the behavioural response (shell 
valve movement) of M. leucophaeta to low-level 
chlorination (0.10- 1.00 mg litre" 1 residual chlorine).
MATERIALS AND METHODS
Shell valve movements of mussels exposed to five different 
chlorine concentrations — 0.10,0.25, 0.50,0.75 and 1.00 mg 
litre-1 chlorine residuals (reached by using actual Cb doses 
between 0.14 and 1.35 m litre-1) — were studied in the 
laboratory using a mussel monitor (Kramer et aL, 1989). Six 
to seven mussels were individually glued by means of 
dentists glue, (Unifast, GC Dental Industrial Corp, Tokyo) 
to PVC plates on the mussel monitor following procedures 
outlined by Jenner et aL (1989). Measurement of shell valve 
movement of individual mussels was recorded automatically 
every 1 min through AD-conversion (analog devices) in a 
PC. The relative position of the shell valves (between closed 
and open) was readily displayed graphically on the screen 
for direct observation (Jenner et aL , 1989).
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Experimental mussels (mean ±  SD: 21 .4+  1.1 mm shell 
length) were collected from the Noordzeekanaal near the 
Velsen power-station intake area. Mussels were initially 
acclimatized (48 h at 20°C) in the experimental tanks under 
a flow rate of lOOmlmin ' 1 using brackish water 
(mean +  SD: 5.1 ±  0,1 %o salinity; 7.9 +  0,1 pH;
48.6 ± 3 .8  mg litre" 1 suspended particulate matter;
33.6 ± 5 3  fig litre-1 chlorophyll-«) collected from the 
Noordzeekanaal. After acclimation, the appropriate
amount of sodium hypochlorite was added using peristaltic 
pumps to maintain desired chlorine concentration in an 
experimental tank, following the procedures described by 
Rajagopal et al. (1994), Residual chlorine measurements 
were done using the iodometric method (White, 1972). The 
chlorine concentrations (residual chlorine) were determined 
at regular intervals in the tank to ensure a uniform 
distribution of chlorine residuals. The levels of residual 
chlorine at outlet were also monitored at 30-min intervals.
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Fig, 1. Average (« =  6-7) patterns of shell valve movements of brackish water mussel, Mytilopsis 
leucophaeta, when exposed to different chlorine residuals. The status of the shell valves was logged every 
1 min. 12-h light;dark regime 07.00-19.00:19.00-07.00. Total period of experimental duration is 48 h (12 h
acclimation, 12 h control and 24 h experiment).
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Table 1. Statistics of shell valve movements data (% valve open) when the dark false mussel, Mytilopsis leucophaeta (n =  6-7), was exposed 
to different doses o f chlorine residuals. Total period o f  experimental duration is 48 h (12 h acclimation, 12 h control and 24 h experiment) 
for each chlorine dose. The status o f the shell valves was logged every 1 min. The group-wise comparisons (control and experimental) of 
the shell openings at different chlorine concentrations were tested by using one-way ANOVA followed by Tukey’s HSD multiple comparison
test
Total residual chlorine
0.10 mg litre"1 0.25 mg litre"1 0.50 mg litre-1 0.75 mg litre“ 1 1.00 mg litre” 1
Control Expt Control Expt Control Expt Control Expt Control Expt
Mean 83.51 52.15 79.94 35.70 80.11 27.73 90.74 13.48 90.04 9.36
Minimum 57.83 36.00 55.00 13.33 63,67 6.17 69.14 7.14 73.50 3.50
Maximum 91.67 69.12 86.33 61.67 100.00 62.50 100.00 32.14 100.00 36.00
Median 85.50 52.33 76.67 36.08 80.00 29.25 90.43 12.29 90.83 9.67
SD 7.42 12.22 9.07 17.10 10.30 15.81 5.99 4.07 7.33 6.45
SE 0.37 0.5] 0.50 0.95 0.37 0.54 0,15 0.21 1.17 0.14
Lower 95% clb 82.98 51.93 79.35 34.81 79.59 26.67 90.45 13.07 89.72 9.12
Upper 95% clb 84.04 52.37 80.53 36.60 80.63 28.79 91.03 13.88 90.37 9.60
Tukey’s HSD test P <  0.001 P < 0.001 P <  0.001 ^ < 0 .0 0 1 P <  0.001
bConfidence limits.
Total period of experimental duration was 48 h (12 h 
acclimation between each chlorine dose, 12 h control and 
24 h experiment) for each chlorine dose. The group-wise 
comparisons (control and experimental) of the shell 
openings at different chlorine concentrations were tested by 
one-way ANOVA followed by post hoc Tukey’s honestly 
significant difference (HSD) multiple comparison test.
RESULTS AND DiSCUSSION
The behavioural pattern of shell valve movements 
of M. leucophaeta to different chlorine doses and 
control experiments is given in Fig. 1 . The percentage 
shell opening was found to decrease with increasing 
chlorine concentrations. However, the shell openings 
of mussels from the control experiments of 0.10, 0.25, 
0,50, 0.75 and 1.00 mg litre" 1 were not significantly 
different (ANOVA, df =  30, F =  2.594, P > 0.0598). 
At 0.10 mg litre-1 residual chlorine, the shell opening 
of mussels was reduced to 52% from 84% (Tukey’s 
HSD test, P <  0.001; Table 1). Compared with shell 
openings at 0.10 mg litre-1 residual chlorine, open­
ings at 0.25 (36%), 0.50 (27%), 0.75 (13%) and
1.00 mg litre-1 (9%) were significantly lower (Tukey’s 
HSD test, jP <  0.001). Shell openings at 0.75 and
1.00 mg litre-1 residual chlorine (Tukey’s HSD test, 
P > 0.05) were not significantly different. This 
indicates that 0.75 mg litre" 1 is the chlorine residual 
in which shell movement activities are critically 
affected in M. leucophaeta. The percentage reduction 
in mussel shell opening (between control and 
experiments) was strongly correlated (Spearman rank 
correlation test: r =  0.89, P < 0.0001) with chlorine 
doses.
Biofouling investigations using chlorination pro­
cedures have been concerned mainly with mussels, as 
they are the main macrofouling organisms in any 
industrial cooling system (Jenner, 1985; Lewis, 1985; 
Rajagopal et al., 1996). The most obvious feature of 
a bivalve is the possession of protective shell valves. 
During periods of chlorination, mussels shut their 
valves (Khalanski and Bordet, 1980) and halt byssus 
production (Rajagopal et aL, 1994). In doing so, they 
isolate their body tissues from changes in the external
environment. Bayne et al, (1976) suggested that 
sensitive receptors on the mantle might be responsible 
for shell closure in mussels. The period they remained 
closed could last from 7 days (Jensen, 1982) to 35 
days (Theede et al., 1969), with only short and 
intermittent periods of shell opening (Widdows, 1973; 
Kramer et al., 1989). Lewis (1985) noted that mussels, 
Mytilus eclulis treated with chlorine residuals of 
4.43 mg litre-1 for 49 h, were capable of making 
recovery within 30 min of exposure to chlorine-free 
seawater. However, Jensen (1982) found that M. 
edulis failed to recover after a 24-h exposure to a 
chlorine residual of 8-40 mg litre"1. A review of the 
literature shows that at chlorine levels of < 1.0 mg 
litre"1, mussels are able to open their valves to feed, 
although at a reduced rate (White, 1966). However, 
at higher chlorine levels, they are forced to shut their 
valves and exist on stored food reserves and 
anaerobic metabolism (Lewis, 1985) until energy 
resources are depleted (Jensen, 1982) or metabolic 
wastes (e.g. ammonia) reach a toxic level. It appears 
that at high chlorine residual levels (i.e. 40 mg litre“1), 
denaturation of cell membranes could lead to lethal 
effects, particularly in the gills (Opresko, 1980), but 
at low residuals only physiological activities are 
affected (Rajagopal, 1997). Therefore, experiments 
were conducted to ascertain the effects of chlorine 
administered at low levels (0.10- 1.00 g litre"1) on the 
shell valve movements of M. leucophaleta which 
constitute a major activity associated with respir­
ation, feeding, waste removal and byssus thead 
formation. The present data clearly indicated that M , 
leucophaeta was able to sense the presence of chlorine 
at levels as low as 0.10 mg litre” 1 and responded by 
reducing the shell opening by 31 % (Fig. 1). There was 
a dose-dependent reduction in the shell opening up to 
a concentration of 1.0 mg litre" 1 residual chlorine. 
However, there was no significant difference between 
their response at 0.75 and 1.00 mg litre"1. Under such 
prolonged periods of shell closure, mussels do not get 
an opportunity to compensate for the energy loss 
incurred due to reduced food intake (Jensen, 1982),
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and thereby a drastic decline of the growth rate is to 
be expected (Lewis, 1985).
The present study shows that the continuous 
dosing at a level of at least 0.75 mg litre-1 is necessary 
to force the mussels close their shells, without 
allowing a recovery phase (Fig. 1). Current Dutch 
advisable total residual chlorine (TRC) concentration 
is about 0.50 mg litre- 1 before condenser inlet. 
Therefore, at least this level should be maintained 
during settlement periods of M. leucophaeta to 
control fresh colonization. Earlier studies have shown 
that peak settlement of M . leucophaeta is during the 
period of July-Sept ember in Noordzeekanaal (Ra- 
jagopal et «/., 1995). Following this period, the 
chlorine dosing may be changed to intermittent mode 
(0.50-1.00 mg litre“1 residual chlorine measured in 
front of the condenser system, for 4 h in every 8 h) 
(Jenner et a l 1996).
A survey of the available literature shows that there 
is hardly any data available on the response of M . 
leucophaeta to biocides (Rajagopal et al.9 1994). A 
comparison of present data with similar data for 
other mussel species (Mytiius edtdis and D. 
polymorpha) indicates that M. leucophaeta is more 
tolerant to chlorine and, therefore, might present 
significant problems in cooling conduits of power 
stations.
Acknowledgements—The authors are very grateful to M. 
van der Gaag and H, Polman for invaluable assistance. 
They would also like to thank three anonymous reviewers 
for their helpful comments and suggestions, This research 
was financially supported by the KEMA Environmental 
Services, Arnhem, The Netherlands.
REFERENCES
Bayne B. L„ Thompson R. J. and Widdows J. (1976) 
Physiology. In Marine Mussels: their ecology and 
physiology (Edited by Bayne B.L.), pp. 81-120. Cam ­
bridge University Press, London.
Fisher E. C., Castelli V. J., Rodgers S. D. and Bleile H. R. 
(1984) Fouling control technology. In Marine Biodeterio- 
ration: an interdisciplinary study (Edited by Costlow J. D. 
& Tipper R. C,)> pp. 261-300, Naval Institute Press, 
Annapolis, Maryland.
Jenner H. A. (1985) Chlorine minimization in macrofouling 
control in The Netherlands. In Water Chlorination: 
chemistry, environmental impact and health effects (Edited 
by Jolly R. L., Bull R. J,, Davies W. P., Katz S., Roberts 
M. H. & Jacobs V. A.), Vol. 5, pp. 1425-1433. Lewis 
Publishers, London.
Jenner H. A, and Janssen-Mommen J. P. M. (1993) 
Monitoring and control of Dreissena polymorpha and 
other macrofouling bivalves in The Netherlands. In Zebra 
Mussels: biology, impacts, and control (Edited by Nalepa
T. F. and Schloesser D. W.), pp. 537-554, Lewis 
Publishers, London.
Jenner H, A., Noppert F. and Sikking T. (1989) A new 
system for the detection of valve-movement response of 
bivalves. KEMA Sci, Technic. Rep. 7(2), 91-98,
Jenner H. A., Taylor C. J. L., van Donk M. and Khalanski 
M. (1996) Chlorination by-products in chlorinated 
cooling water of some european coastal power stations. 
M ar . Environ. Res, 43, 279-293.
Jensen A. C. (1982) Sensitivity of Mytiius edulis (L) to 
chlorination. PhD thesis» Department of Oceanography, 
University of Southampton, UK.
Khalanski M, and Bordet F. (1980) Effects of chlorination 
on marine mussels. In Water Chlorination: chemistry, 
environmental impact and health effects (Edited by Jolly R. 
L., Brungs W. A. & Cumming R. B.), Vol. 3, pp. 557-567. 
Ann Arbor Science Publishers, Ann Arbor, MI.
Kramer K, J. M., Jenner H. A. and de Zwart D. (1989) The 
valve movement response of mussels: a tool in biological 
monitoring. Hydrobiologia 188/189, 433-443.
Lewis B, G, (1985) Mussel control and chlorination. Report 
no. TPRD/L/2810/R85, pp. 1-33. Central Electricity 
Research Laboratories, Leatherhead, UK.
Marelli D. C. and Gray S. (1983) Conchological 
re descriptions of M y t Hops is sal lei and Mytilopsis leu­
cophaeta of the brackish Western Atlantic. Veliger 25, 
185-193.
Opresko D. M. (1980) Review of open literature on effects 
of chlorine on aquatic organisms. Report no. EPRI 
EA-1491, pp. 1-29. Electric Power Research Institute, 
Palo Alto, CA,
Rajagopal S, (1997) The ecology of tropical marine mussels 
and their control in industrial cooling water systems. PhD 
thesis, University of Nijmegen, The Netherlands.
Rajagopal S., van der Velde G. and Jenner H. A. (1994) 
Biology and control of brackish water mussel, Mytilopsis 
leucophaeta in the Velsen and Hemweg power stations, 
The Netherlands. Part II. Control measures. Report no. 
163871-KES/WBR 94-3128, pp. 1-45, KEMA Environ­
mental Services, Arnhem, The Netherlands.
Rajagopal S,, van der Velde G. and Jenner H. A. (1995) 
Biology and control of brackish water mussel, Mytilopsis 
leucophaeta in the Velsen and Hemweg power stations, 
The Netherlands, Part I. Biology. Report no. 64211-KES 
95-3109, pp. 1-56. KEM A Environmental Services, 
Arnhem, The Netherlands,
Rajagopal S„ Nair K. V, K., Azariah J., van der Veide G. 
and Jenner H. A. (1996) Chlorination and mussel control 
in the cooling conduits o f a tropical coastal power station. 
Mar. Environ. Res. 41, 201-22],
Theede H,, Ponat A., Hiroki K. and Schlieper C  (1969) 
Studies on the resistance of marine bottom invertebrates 
to oxygen-deficiency and hydrogen sulphide. Mar. Biol. 2, 
325-337.
White G. C. (1972) Handbook o f  Chlorination, pp. 228-277. 
Van Nostrand Reinhold, New York.
White W, R. (1966) Effect of low-level chlorination on 
mussels at Poole power station. Report no, RD/L/N 
17/66, pp. 1-5, Central Electricity Research Laboratories, 
Leatherhead, UK.
Widdows J. (1973) The effects of temperature on the 
metabolism and activity of Mytiius edulis L. Neth . J. Sea 
Res. 7, 387-398.
